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Controlling the dynamics of mechanical resonators is central to many quantum science and metrol-
ogy applications. Optomechanical control of diamond resonators is attractive owing to diamond’s
excellent physical properties and its ability to host electronic spins that can be coherently coupled
to mechanical motion. Using a confocal microscope, we demonstrate tunable amplification and
damping of a diamond nanomechanical resonator’s motion. Observation of both normal mode cool-
ing from room temperature to 80K, and amplification into self–oscillations with 60µW of optical
power is observed via waveguide optomechanical readout. This system is promising for quantum
spin-optomechanics, as it is predicted to enable optical control of stress-spin coupling with rates of
∼ 1 MHz (100 THz) to ground (excited) states of diamond nitrogen vacancy centers.
The interaction between light and mechanical sys-
tems underlies breakthroughs in physics ranging from
optical tweezers [1] to gravitational wave detection [2].
Nanoscale optomechanical system that harness this in-
teraction have led to milestone advances in quantum
nanomechanics [3–9], sensing [10–13], and nonlinear op-
tics [14–18]. An essential ingredient in many of these
demonstrations is dynamic optomechanical back action,
in which the optical force lags the motion of the me-
chanical resonator, allowing energy to be exchanged be-
tween optical and mechanical domains [19, 20]. Con-
trolling diamond based nanomechanical systems via op-
tomechanical back action is of growing interest, fueled in
part by applications that would benefit from diamond’s
exceptional mechanical and optical properties [21], and
by recent demonstrations of control of color center elec-
tron spins using piezoelectronic driven mechanical res-
onators [22–30]. Excitation of mechanical motion using
optomechanical back action provides a path towards op-
tomechanical spin manipulation and photon-phonon-spin
coupling, for quantum information processing technolo-
gies ranging from spin-spin coupling [31, 32] to quan-
tum transduction [33]. This control can also be used to
enhance the sensitivity and versatility of diamond res-
onators used in sensing applications [34–36]. In this Let-
ter, we show that dynamic optomechanical back action
acting on a diamond nanomechanical resonator can be
created and tuned using the gradient of a laser focused by
a microscope commonly used for diamond colour center
imaging. Using this technique, we optomechanically cool
a diamond nanomechanical resonator, as well as amplify
its motion sufficiently to allow optomechanical control of
diamond spins via their predicted coupling to phonons.
Optomechanical damping and amplification of
nanomechanical structures, for example by optical gra-
dient [37], radiation pressure [4, 38, 39], or photothermal
forces [35, 40–44], typically relies on feedback created
by an optical cavity [19, 20], waveguide coupler [44],
or external optoelectronics [45]. The optomechanical
system introduced here combines attributes of optical
tweezers with delayed feedback required for optome-
chanical damping and anti-damping. It does not require
a cavity or rely on coupling to optical modes of the
diamond nanostructure, allows both the strength and
the sign of the optomechanical damping to be tuned,
and provides a desirable combination of simplicity
and sensitive independent mechanical readout via an
evanescently coupled fiber taper waveguide [44]. The
optomechanical backaction in this system, which is
photothermal in nature, is tuned through translation
of a microscope focus while operating at a fixed wave-
length, not requiring a wavelength dependent optical
response used in previous studies of nanowire pho-
tothermal optomechanics [43]. Operating in this optical
intensity gradient dominated regime of photothermal
optomechanics, we perform normal–mode cooling of a
diamond nanobeam mechanical resonator from room
temperature to ∼ 80 K, and excite nanomechanical
self–oscillations whose dynamical stress field is predicted
to be sufficiently strong to drive the spin transitions of
NV centers [22]. We show that these self-oscillations can
be excited with 60 µW of external laser power when the
nanobeam is cryogenically pre-cooled to 5 K, and that in
these conditions both vertical and horizontal nanobeam
modes can be selectively excited.
The optomechanical system studied here, illustrated
in Fig. 1(a), consists of a doubly clamped diamond
nanobeam (dimensions l × w × t = 50× 0.5× 0.25µm3)
located within the focus of a green (532 nm) laser source
input to a microscope objective (Sumitomo long work-
ing distance, 0.55 NA) mounted on a three–axis piezo
stage. The nanobeam is fabricated from a single crys-
tal diamond chip (Element Six, optical grade, 3 × 3
mm2 area, polished by Delaware Diamond Knives) using
quasi–isotropic undercut etching [44], and its top surface
is coated with a thin layer of titanium (∼ 5 nm thickness,
deposited using electron beam evaporation), which serves
the dual purpose of improving SEM image quality and
enhancing photothermal effects discussed in this Letter.
This fabrication process results in a monolithic diamond
nanobeam suspended approximately 2µm above the dia-
mond substrate, as shown in the SEM image of a typical
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FIG. 1. (a) Schematic of the optomechanical system and measurement apparatus. A microscope objective mounted on a
three axis piezo stage focuses a green laser onto the diamond sample. The sample and fiber taper are located in a cryostat on
nanopositioners. SEM image: a diamond nanobeam similar to that used in the experiment, with an illustration of the dimpled
optical fiber taper drawn in yellow and superimposed on the image in approximately the position used for evanescent coupling
to the nanobeam. Also visible are diamond supports used to stabilize the fiber taper during measurements. (b) Power spectral
density of the fiber taper transmission near the v1 nanobeam mode frequency at room and low temperature. (c) Schematic of
the geometry of the optomechanical system.
device in Fig. 1(a).
In the results presented below, we show that by ad-
justing the microscope focal spot position, the dynam-
ics of the nanobeam’s mechanical motion can be con-
trolled e.g., amplified into self-oscillation or damped to
a lower effective temperature. These dynamics are inde-
pendently monitored using a dimpled optical fiber taper
waveguide (diameter ∼ 1µm) [46] evanescently coupled
to the nanobeam, as illustrated schematically in the SEM
image in Fig. 1(a). The fiber taper and the diamond
sample are mounted in a closed cycle cryostat (Montana
Instruments) that allows measurements to be performed
in vacuum over temperatures ranging from 5K to 300K,
and are aligned using nanopositioners (Attocube). Me-
chanical motion of the nanobeam is monitored with up
to fm/
√
Hz displacement sensitivity by measuring the
transduced fluctuations in the coupling ratio between the
fiber taper and the nanobeam, as described in Ref. [44].
Dynamics of the nanobeam resonances are measured by
recording the power spectral density Svv of the photode-
tected transmission of a 1570 nm source through the fiber
taper.
Characterization of the fundamental nanobeam verti-
cal mechanical mode (labeled v1) in absence of the mi-
croscope field follows previous work [44], and is shown in
Fig. 1(b), which plots Svv over the frequency (f) range
spanning the resonance frequency fm, in high vacuum
(< 10−5 Torr) at 300K and 5K operating temperatures.
These measurements show a peak in Svv corresponding
to the thermally driven motion of v1, whose dynamics
are determined by the mode’s energy dissipation rate
Γm = 2pifm/Qm where Qm is the mechanical quality fac-
tor. Fitting these peaks with a thermomechanical noise
spectrum [47] we find Qm = 7.5 × 104 and 5.8 × 105 at
300K and 5K, respectively. Note that in the studies pre-
sented here, the fiber taper input power is sufficiently low
to ensure that it does not affect the nanobeam dynamics;
it functions only as a displacement sensor.
Turning on the microscope field introduces optome-
chanical back action that can be analyzed using the sim-
plified geometry in Fig. 1(c). The local field intensity I
in the nanobeam due to the microscope depends on both
the nanobeam’s height above the substrate, zs, and its
distance to the microscope focal plane, zf , and can be
approximated as I = If (zf )χ(zs). Here If describes the
zf dependent microscope field intensity, and the etalon
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FIG. 2. Nanobeam-microscope optomechanics at room temperature: (a) Spectrograph showing the power spectral density
of the fiber taper transmission near the v1 nanobeam mode frequency as a function of microscope focus height, for varying
microscope green laser power. The sample is at room temperature. Negative values of zf indicate that the focal position is
below the nanobeam. (b) Optomechanical damping of diamond nanobeam v1 mode, normalized by its intrinsic dissipation
rate, as a function of microscope focal height and varying microscope power. Fits are from the model in Eq. (1) input with a
normalized I(zf ) profile derived from ∆fm. Contributions from the etalon and microscope gradient terms in Eq. (2) are also
shown.
enhancement factor χ(zs) describes the influence of inter-
ference between reflections from the substrate with the
incident field. Note that in this simplified model If (zf )
implicitly accounts for geometry related local field cor-
rections, and that we have assumed that changes in zs
due to nanobeam motion are sufficiently small that the
etalon contribution can be treated as a separable scaling
factor; this representation becomes convenient later for
analyzing etalon and microscope related contributions to
the intensity gradient. Vertical displacement dz of the
nanobeam due to optical forces from I modifies zs and
zf by ±dz, respectively, which in turn changes I. This
optomechanical feedback, when combined with a lag be-
tween the nanobeam position and I, can amplify or damp
mechanical motion. Lateral nanobeam displacement, dx,
also modifies I and can create back action; it is omitted
here for clarity but is discussed later in this letter.
For the microscope illuminated diamond nanobeam,
the dominant optical forces were found to be photother-
mal, and the optomechanical damping ∆Γm is given by
∆Γm(zf )
Γom
= Qom
2pifomτ
1 + (2pifm(zf )τ)
2G
dI(zf )
dz
σ, (1)
where σ is the nanobeam optical power absorption cross-
section, and Γom and Q
o
m are intrinsic values in absence of
the microscope field [35, 41]. The nanobeam’s deflection
amplitude for a given absorbed power σI is determined
by photothermal coupling coefficient G (units of m/W),
and depends on the nanobeam’s geometry, internal com-
pressive stress, and the presence of pre-buckling [44].
While the titanium layer increases σ, it was not found
to be necessary to observe photothermal self-oscillations
in these nanobeams [44]. Note that a non-instantaneous
thermal response time τ is required to realize optome-
chanical heating or cooling. Finite element (COMSOL)
simulations predict 2pifmτ ∼ 3, taking into account the
reduced thermal conductivity of nanostructured diamond
[48].
The gradient of the microscope field profile If was
found to play a critical role in determining whether
dI/dz, and as a result ∆Γm, is positive or negative, i.e.
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FIG. 3. Amplitude (left axis) and maximum internal dynamic
stress (right axis) of the v1 mode at room temperature as a
function of microscope focal plane height for 2 mW and 3
mW microscope power. The sample is at room temperature.
When the nanobeam self oscillates, maximum stress just be-
low ∼ 100 MPa near the nanobeam clamping points can be
realized. Inset: Effective normal mode temperature for 3 mW
microscope power as a function of microscope height scanning
through the regime of maximum damping.
whether the optomechanical back action damps or ampli-
fies the nanobeam motion. This is in contrast to cavity
optomechanical systems, where back action is dominated
by χ and whose sign is independent of the external cou-
pling optics. To study the optomechanical back action of
the microscope field, the objective was aligned with the
centre of the nanobeam, and scanned vertically (1 µm
steps, 2.9 s/step) while continuously monitoring Svv.
Figure 2(a), shows room temperature result of this mea-
surement for microscope laser powers Pm = 1, 2 and 3
mW. The mechanical frequency fm(zf ) = f
o
m + ∆fm(zf )
is observed to decrease from its intrinsic value fom as the
microscope field is focused on the nanobeam. The profile
shows a smooth change in the frequency reminiscent of
the laser intensity in the z direction, and its sign is con-
sistent with optical absorption and heating of a compres-
sively stressed nanobeam [44]. It provides a means for
directly measuring the zf dependence of If , allowing the
measured data to be compared with models in Eq. (1), as
discussed in detail below. In general, ∆fm is also affected
by dynamic photothermal, as well as dynamic and static
optical gradient force effects [44]. These effects are pre-
dicted to be much smaller than the maximum observed
|∆fm| and are not considered here.
The impact of the microscope intensity gradient on
the nanobeam dynamics is revealed by a broadening of
the resonance when the objective is focused above the
nanobeam, and a narrowing when the objective is fo-
cused below the nanobeam. This is most dramatically
seen near zf = 15 µm in the Pm = 2 and 3 mW measure-
ments in Fig. 2(a), where the peak value of Svv increases
by orders of magnitude. This is accompanied by a dra-
matic stiffening in fm resulting from nonlinear nanome-
chanical effects in the compressively stressed nanobeam
[44]. To analyze the nanobeam dynamics quantitatively,
∆Γm(zf ) was extracted from fits to Svv(f ; zf ), as shown
in Fig. 2(b). These plots show that the nanobeam’s me-
chanical motion is either damped (∆Γm > 0) or ampli-
fied (∆Γm < 0) depending on where the microscope is
focused. Notably, the sign of ∆Γm changes as the fo-
cus is scanned from above to below the nanobeam. Near
zf = 15µm, we find that Γm ∼ 0 (∆Γm = −Γom), indica-
tive of the nanobeam entering a regime of self-oscillation,
in agreement with the increase in the Svv peak amplitude
observed in Fig. 2(a) for Pm = 2 mW and 3 mW.
This behaviour illustrates a key feature of our system:
the dependence of the sign of ∆Γm(zf ) on the microscope
intensity gradient. By fitting the data in Figs. 2(b) with
the model from Eq. (1), the relative contributions from
the etalon and microscope back action were predicted.
This was achieved by expanding the microscope intensity
gradient,
dI
dz
= −χ
(
dIf (zf )
dzf
− If (zf ) 1
χ
dχ
dzs
)
, (2)
inferring dIf/dzf and If (zf ) from ∆fm(zf ) to within a
proportionality constant, and fitting Eq. (1) to the data.
In addition to fm and Γm, this fit requires two free pa-
rameters: an overall scaling factor and a factor related
to χ that determines the relative contributions in Eq. (2)
of the first microscope intensity gradient term and the
second etalon term. Contributions from these two terms
to ∆Γm are shown in Fig. 2(b), where we see that the
etalon term tends to damp the mechanical vibrations in
our experiment, and has the effect of shifting the zero of
∆Γm(zf ). Note that the asymmetry and oscillations in
∆fm that are uncharacteristic of an ideal Gaussian mi-
croscope field are related to aberrations from the cryostat
window [49].
The amplification and damping of the nanobeam mo-
tion is further analyzed in Fig. 3, which plots the mea-
sured RMS nanobeam displacement amplitude deduced
from Svv, for varying zf and Pm. The amplitude is ex-
tracted from the area under Svv, normalized with respect
to the thermomechanical vibration amplitude squared in
absence of the microscope field [50]. When Pm = 3 mW,
the self-oscillation amplitude reaches close to 100 nm,
which is three orders of magnitude greater than the
nanobeam’s intrinsic thermal motion. In contrast, when
the microscope position is set to zf ∼ −5 µm, the thermal
motion of the nanobeam is damped, effectively cooling
the nanobeam resonance to a temperature Teff ∼ 80 K
from the ambient sample temperature Ts = 300 K, as
shown in the inset to Fig. 3. This inference of tempera-
ture from resonance area was found to be consistent with
Teff = Ts/(1 + ∆Γm/Γ
o
m) predicted from the measured
∆Γm in Fig. 2(b) [20].
5The effect of the optomechanical back action can be
enhanced by pre-cooling the sample to cryogenic condi-
tions, which reduces the intrinsic mechanical dissipation
[51], in turn increasing |∆Γm/Γom|, as shown in Eq. (1),
which corresponds a reduction in the optical power re-
quired to excite self-oscillations or to optomechanically
cool the sample to a given temperature. This is illus-
trated in Figs. 4(a) and 4(b), which shows Svv and the
RMS amplitude inferred from the area under Svv for
varying zf , respectively, when the sample is cooled to
5 K. At this temperature, Qom increases by an order of
magnitude as shown in Fig. 1(b), and self-oscillation is
observed in both measurements, which were performed
at Pm = 150µW and Pm = 60µW, respectively. These
self-oscillations have an amplitude comparable to those
excited by orders of magnitude larger Pm at room tem-
perature.
The nanobeam’s higher Qom at cryogenic temperature
also enables excitation of in-plane nanobeam motion.
This is shown in Fig. 4(b), which plots Svv near fm =
3.0 MHz of the in-plane h1 mode as a function of lateral
(x) displacement of the objective for Pm = 450µW. Note
that the ∼ 4µm x scan length is much smaller than the z
scan lengths discussed above owing to the tighter lateral
focus of the microscope field compared to its depth of fo-
cus. Self-oscillations near x = 0.75µm are evident, and
the sign of the observed back action is asymmetric rela-
tive to x, indicating that heating the nanobeam causes
it to deflect laterally in a fixed direction independent of
the precise position of the focused spot, possibly due to
an asymmetry in its fabricated geometry.
A tantalizing prospect is taking advantage of the higher
Qom at cryogenic temperature for enhanced optomechan-
ical cooling of the nanomechanical resonator: Teff far
below 1 K is naively expected to be achievable at low
Ts for the ∆Γm measured at mW power levels in Fig.
2(b). However, at Ts = 5K the specific heat of dia-
mond is four orders of magnitude smaller than at room
temperature, as it follows a T 3s relation for tempera-
tures far below diamond’s Deybe temperature of 2200 K.
As a result, at high Pm required for maximum optome-
chanical cooling, absorbed optical power easily heats the
nanobeam, counteracting the optomechanical damping.
This competition between optomechanical cooling and
absorptive heating is illustrated by the measurements
in Fig. 4(d), which compares Svv of the v1 mode with
and without the 3 mW green laser incident on the cryo-
genically cooled nanobeam. With the focus optimized to
maximize optomechanical damping, Qm ∼ 3340 was ob-
served, suggesting a reduction in Teff of over two orders
of magnitude. However, the area under Svv was reduced
by a much more modest factor of 2.4, corresponding to
Teff = 2.2 K, indicating that optical absorption is increas-
ing Ts.
Spectral diffusion of fm related to, for example, low
frequency movement of the microscope focus due to cryo-
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FIG. 4. Nanobeam-microscope optomechanics at cryogenic
temperature: (a) Spectrograph and (b) oscillation amplitude
of the v1 nanobeam mode motion for varying focal plane
height, detected via fiber taper transmission. (c) Spectro-
graph of the in-plane h1 nanobeam mode, for varying lateral
position (x) of the microscope objective. (d) Power spectral
density of the fiber taper transmission detected v1 mode mo-
tion with the microscope off (Pm = 0 mW and on (Pm = 3
mW) with zf optimized to maximize ∆Γm.
stat pump vibrations, can also broaden the mechanical
resonance. This effect is likely playing a role given that
the damped Qm at 5K implies ∆Γm ∼ 2pifm/5000, which
is much larger than the room temperature measurement
of ∆Γm ∼ 2pifm/25000 in Fig. 2(b). Further evidence of
spectral broadening unrelated to dynamic optomechan-
ical back action was observed in the x scan measure-
ments. At low Pm, broadening was observed symmet-
rically when the objective was focused on either side of
the nanobeam, where the intensity gradient is maximum
and vibrations in x due to sample or microscope move-
ment result in fluctuations in absorbed power and fm,
and was minimized when x = 0. In contrast, at higher
Pm self-oscillations were observed with the focus on the
x > 0 side of the nanobeam, as discussed above. Finally,
6note that spectral diffusion does not affect the area un-
der Svv and the resulting inferred Teff [52], and that the
agreement at room temperature between Teff extracted
from the area and linewidth of Svv indicates that both
spectral broadening and sample heating is specific to the
cryogenic measurements reported here.
The potential for application of these results to the
field of spin-optomechanics and phonon-photon-spin cou-
pling is significant. The microscope field is generated
using a confocal microscope commonly used for spec-
troscopy of diamond NV color centers, making this ap-
proach particularly suited to coupling electron spins of
these systems to phonons. Such coupling would allow
optomechanical control of color center spins, building on
previous work reliant on piezo actuation [22]. For the
self–oscillation amplitudes observed in the work reported
here, dynamic stress field in the 100 MPa range are ex-
pected, as predicted from COMSOL and shown in Fig.
3. This corresponds to a predicted spin-phonon coupling
rate Gg/2pi ∼ 1 MHz and Ge/2pi ∼100 THz, for the
ground state and excited state, respectively, of a nega-
tively charged NV centre, which is comparable the stress
fields used in recent demonstrations of NV stress manip-
ulation [24–26]. The resulting optomechanical spin con-
trol could provide a path towards creating a transducer
[30, 33] for coupling photons to spins without relying on
direct optical transitions of the color centre, enabling in-
terfacing telecommunication photons used in quantum
networks to diamond quantum memories.
In conclusion, we have demonstrated optomechanical
amplification and damping of diamond nanomechanical
resonators into using a microscope field, while simulta-
neously optomechanically detecting the resonator motion
using an external waveguide. To the best of our knowl-
edge, this is the first demonstration of tunable optome-
chanical damping and amplification of a nanomechanical
resonator without using a cavity or etalon resonance. Us-
ing this tunability to maximize optomechanical damping,
we have shown that cooling of the nanobeam’s fundamen-
tal normal mode from room temperature to below 80K is
possible. The potential to extend this cooling to lower ef-
fective temperature was demonstrated by measurements
at low temperature, where Qm is increased and the im-
pact of the optomechanical coupling on the nanobeam
dynamics is enhanced. This is particularly promising in
light of recent progress in enhancing Qm of nanomechan-
ical resonators through soft–clamping [53] and phononic
crystal designs.
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